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In t r oduc t ion  
Man's e a r l y  view of t h e  E a r t h ' s  magnet ic  f i e l d  began 
w i t h  t h e  e x p e r i m e n t a l  work of men s u c h  as  Robert Norman, 
s u b s e q u e n t  p u b l i c a t i o n  i n  1600 by W i l l i a m  G i l b e r t ,  p h y s i c i a n  
t o  Queen E l i z a b e t h ,  o f  h i s  g r e a t  t reatise de Maanete. These 
i n d i v i d u a l s  were i n t e r e s t e d  i n  e x p l a i n i n g  a terrestr ia l  
phenomenon which o r i g i n a t e d  i n  t h e  a n c i e n t  c u r i o s i t y  of 
t h e  a t t r a c t i v e  p r o p e r t i e s  of a lodestone, Thisphenomenon, 
deve loped  i n t o  t h e  form of a d i r e c t i o n a l  compass, p r o v i d e d  
a means of n a v i g a t i o n  f o r  commercial and e x p l o r a t o r y  
endeavor s .  Although G i l b e r t ' s  e a r l y  theory or' t h e  origin 
of t h e  geomagnetic f i e l d ,  a s  r e p r e s e n t e d  i n  F i g u r e  1, has 
n o t  proved  correct, nonetheless h i s  g e n e r a l  c o n c l u s i o n s  on 
t h e  geometry and  c h a r a c t e r  of t h e  geomagnet ic  f i e l d  were 
amaz ing ly  a c c u r a t e .  Subsequent  advances  i n  t h e  t h e o r e t i c a l  
d e s c r i p t i o n  of t h e  phenomenon of t e r res t r ia l  m a g n e t i s m  
came t h r o u g h  the work of t h e  .mathemat ic ians  L a p l a c e ,  Poisson 
a n d  f i n a l l y  Gauss who i n  1838 p u b l i s h e d  a d i s c u s s i o n  of 
t h e  mathematical a n a l y s i s  of geomagnetic f i e l d  o b s e r v a t i o n s .  
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s t o n e s  0% modern  t e c h n i q u e s  0% s t u d y i n g  t h e  geomagnet ic  f i e l d .  
While t h e  g e n e r a l  s p a t i a l  p r o p e r t i e s  of t h e  terrestrial  
f i e l d  were b e i n g  obse rved ,  c h a r a c t e r i s t i c  tempora l  v a r i a t i o n s  
of t h e  geomagnetic f i e l d  had  been i d e n t i f i e d  from detailed 
s t u d i e s  conducted  by a number o f  research i n v e s t i g a t o r s .  
P r i n c i p a l l y  invo lved  i n  s u c h  a s t u d y  i n  1806 w a s  von 
Humboldt who deduced t h a t  t h e r e  were periods of  r a p i d  
f l u c t u a t i o n  of t h e  e n t i r e  terrestr ia l  f i e l d  associated 
I 
I w i t h  a u r o r a l  d i s p l a y s  which he described as a "magnetic 
s t o r m " .  These s u b s e q u e n t l y  have been related t o  solar 
a c t i v i t y ,  p r i n c i p a l l y  solar  f la res ,  a n d  t h e  solar a c t i v i t y  
c y c l e  a s  measured by a w i d e  c lass  of solar and  t e r res t r ia l  
phenomenon. 
~ 
More t h a n  25 y e a r s  ago, Chapman a n d  B a r t e l s  (2) 
p u b l i s h e d  a t w o  volume monumental d i s c o u r s e  o f  research 
s t u d l e g  o n  t h e  phenomenon of geomagnetism and  the  magnet ic  
storm. T h i s  summarized t h e i r  r e s u l t s  as w e l l  as t h e  e f f o r t s  
of p r e v i o u s  research workers i n  t h i s  v e r y  old f i e l d  of 
s c i e n t i f i c  i n v e s t i g a t i o n .  I t  a lso marked a d e c l i n e  i n  
t h e  i n t e r e s t  of p h y s i c a l  s c i e n t i s t s  i n  s t u d y i n g  the 
geomagnetic f i e l d ,  f o r  modern p h y s i c s  w a s  t h e n  beg inn ing  
t o  c a p t u r e  t h e  a t t e n t i o n  of t h e  m a j o r i t y  and  the  m o s t  
c a p a b l e  r e s e a r c h  i n v e s t i g a t o r s .  C o n t i n u e d  s t u d i e s  of the  
I 
% 
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geomagnet ic  f i e l d  and its c h a r a c t e r i s t i c  v a r i a t i o n s  have  
been carried on by a small number of d e d i c a t e d  workers .  
The p r i n c i p a l  r e s u l t s  of such  s t u d i e s  are s u r f a c e  maps 
of t h e  geomagnetic f i e l d  showing t h e  d i r ec t ion ,  magnitude 
and rates of change of t h e  terrestrial f i e l d .  An example 
of one  of t h e  first s u c h  maps is shown i n  F i g u r e  2,  
r e p r e s e n t i n g  a n  " i sogonic"  map of epoch 1500. Such world- 
w i d e  maps are m a i n t a i n e d  c u r r e n t l y  by t h e  Hydrographic  
O f f i c e s  of d i f f e r e n t  c o u n t r i e s  fo r  u s e  i n  n a v i g a t i o n .  
The adven t  of t h e  s a t e l l i t e  and  s p a c e  probe  era 
8 y e a r s  ago coup led  w i t h  a renewed i n t e r e s t  i n  p l a n e t a r y  
p h y s i c s  h a s  l ed  t o  a r e v o l u t i o n  i n  t he  s t u d y  of p l a n e t a r y  
magnetism as w e l l  as  t h e  development of an  e n t i r e l y  new 
f i e l d  of endeavor ,  s p a c e  p h y s i c s .  T h i s  h a s  had f a r  
r e a c h i n g  consequences  because of  t h e  s c i en t i f i c  r e s u l t s  
o b t a i n e d  and also the  l a r g e  amount of federal 
f u n d s  made a v a i l a b l e  for  r e s e a r c h  r e l a t e d  to space 
act ivi t ies .  T h i s  p a p e r  w i l l  d i s c u s s  p r i n c i p a l l y  r e s u l t s  
o b t a i n e d  f r o m  measurements of t h e  earth's magnet ic  f i e l d  
by sa te l l i t es  and  space p robes  s i n c e  1958. As w i l l  become 
e v i d e n t  from t h e s e  r e s u l t s , a  t o t a l l y  new view of t h e  
terrestrial  f i e l d  emerges: one which p e r m i t s  t h e  f u r t h e r  
development  and  i n v e s t i g a t i o n  of many c lassical  problems 
i n  g e o p h y s i c s  i n c l u d i n g  magnet ic  storms, aurora, and t h e  
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newly d i s c o v e r e d  r a d i a t i o n  bel ts .  I n  a d d i t i o n  it a p p e a r s  
t h a t  a unique  n a t u r a l  l a b o r a t o r y  is now a v a i l a b l e  i n  which 
t o  s t u d y  v a r i o u s  phenomenon i n  t h e  broad f i e l d  o f  plasma 
p h y s i c s ,  p a r t i c u l a r l y  " c o l l i s i o n l e s s "  plasmas.  
I n  a d i s c u s s i o n  of t h e  phenomenon of geomagnetism 
there are three areas i n  which t h e  s u b j e c t  h a s  been 
i n v e s t i g a t e d  and  w i t h  which t h i s  p a p e r  c o u l d  be concerned .  
C l e a r l y  t h e  p r e c i s e  d e s c r i p t i o n  and  q u a n t i t a t i v e  a n a l y s i s .  
of  t he  p r e s e n t  s ta te  o f  t h e  geomagnet ic  f i e l d  are of 
fundamental  s i g n i f i c a n c e .  E q u a l l y  i m p o r t a n t  however is the 
h i s t o r y  of t h e  geomagnet ic  f i e l d  both i n  r e c e n t  and  a n c i e n t  
t i m e s  and f i n a l l y  t h e  o r i g i n  of t h e  geomagnet ic  f i e l d ,  The 
o r i g i n  has e scaped  a n d  e l u d e d  q u a n t i t a t i v e  and  e x p l i c i t  
theor ies  even  w i t h  p r e s e n t  modern computer c a p a b i l i t i e s  
t o  s t u d y  such  large scale g e o p h y s i c a l  sys t ems .  
T h i s  p a p e r ,  as i n d i c a t e d ,  is d i rec ted  towards a brief 
sunmary of those s a t e l l i t e  e x p e r i m e n t s  p r o v i d i n g  d i r ec t  
measurements of magnet ic  f i e l d s  i n  s p a c e ,  p r i n c i p a l l y  t he  
d i s t a n t  t e r res t r ia l  f i e l d .  These data have  been o b t a i n e d  from 
both c l o s e  o r b i t i n g  s a t e l l i t e s  a t  e l e v a t i o n s  of o n l y  a f e w  
hundred k i l o m e t e r s . a b o v e  t h e  E a r t h ' s  s u r f a c e  t o  s a t e l l i t e s  w i t h  
h i g h l y  e c c e n t r i c  o r b i t s  p e n e t r a t i n g  more t h a n  2.5 x 10 K m s  
i n t o  i n t e r p l a n e t a r y  space. The i n t e r p r e t a t i o n  of s u c h  
data depends c r i t i c a l l y  upon the a c c u r a c y  of the  measurements 
b u t  is r e l a t i v e l y  s t r a i g h t  forward w i t h  r e s p e c t  t o  a d e s c r i p t i o n  
of t h e  magnet ic  f i e l d .  However, i n  a n  a t t e m p t  t o  u n d e r s t a n d  
6 
~ ~- ~ ~ 
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t h e  p h y s i c s  associated w i t h  the  c u r r e n t  s tate of t h e  
geomagnet ic  f i e l d  it  is n e c e s s a r y  to  e i t h e r  d i r e c t l y  
or i n d i r e c t l y  i n c o r p o r a t e  t h e  e f f e c t s  of  t h e  motion 
of charged  p a r t i c l e s .  Indeed t h e  importance of  the 
geomagnet ic  f i e l d  t o d a y  Can be:compared to the  
o r i g i n a l  m o t i v a t i o n  for  i ts  s t u d y  more t h a n  300 y e a r s  
ago. A t  that  t i m e  n a v i g a t i o n  of commercial s h i p p i n g  
on t h e  oceans of the  Ea r th  w a s  of g r e a t  s i g n i f i c a n c e .  
Today t h e  motion of charged  p a r t i c l e s  as "guidedr9 by 
t h e  m a g n e t i c  f i e l d  i n  space  is the % a v i g a t i o n "  
p r o p e r t y  of interest .  
A d i s c u s s i o n  of t h e e x t e r n a l  geomagnet ic  
f i e l d  must of n e c e s s i t y  begin not w i t h  the  f ja r th  bu t  
rather w i t h  the  Sun and t h e  phenomenon of t h e  "solar wind". 
The Wnfif jWrat ion of  t h e  outer  m o s t  f i e l d  l i n e s  of t h e  
d i s t a n t  geomagnet ic  f i e ld  a s  w e l l  as t h e  i n t e r p l a n e t a r y  
magne t i c  f i e l d  is dominated by  t h i s  solar plasma f l u x .  
T h a t  the sun  would c o n t i n u o u s l y  e m i t  an energetic plasma 
is a p r o p e r t y  of t h e  i n t e r p l a n e t a r y  medium which has o n l y  
r e c e n t l y  been predicted and subsequen t ly  measured by satel l i tes .  
C o n c e p t u a l l y ,  a solar plasma f l u x  was i n t r o d u c e d  by 
Chapman and F e r r a r o  i n  the e a r l y  1930's i n  t h e i r  s t u d i e s  
of t h e  phenomenon of t h e  magnetic storm (reviewed by 
Chapman (3)). . Following a solar flare, it w a s  p o s t u l a t e d  
that the  sun emi t ted  a n  e l e c t r i c a l l y  n e u t r a l  but i o n i z e d  ''gasf9 
- 6 -  9 
which i n t e r a c t e d  w i t h  t h e  geomagnet ic  f i e l d .  The solar Plasma 
compressed and c o n f i n e d  t h e  f i e l d  t e m p o r a r i l y  t o  a r e g i o n  
of s p a c e  referred t o  as t h e  Chapman-Ferraro geomagnet ic  
c a v i t y .  T h i s  plasma f l o w  w a s  c o n s i d e r e d  t o  be a t r a n s i e n t  
f e a t u r e  on t h e  sun  and  i t  w a s  n o t  u n t i l  e a r l y  i n  t h e  1 9 5 0 ' s  
t h a t  c o n t i n u a l  e m i s s i o n  of s u b s t a n t i a l  solar plasma w a s  
s e r i o u s l y  c o n s i d e r e d .  Biermann (4), in s t u d y i n g  t h e  
c h a r a c t e r i s t i c s  of t y p e  I comet t a i l s  which c o n t a i n  
i o n i z e d  c o n s t i t u e n t s  
a n d  s u b s t a n t i a l  solar  c o r p u s c u l a r  f l u x .  T h i s  w a s  n e c e s s a r y  
such  as CO+, p o s t u l a t e d  a c o n t i n u o u s  
t o  e x p l a i n  t h e  obse rved  a n t i s o l a r  directed and  ionized 
c h a r a c t e r i s t i c s  of comet t a i l s .  In t h e  l a te  1 9 5 0 ' ~ ~  
s t u d i e s  of t h e  expans ion  of t h e  corona by P a r k e r  (5) and  
Chamberlain ( 6 )  proposed  d i f f e r e n t  t h e o r e t i c a l  models 
whose character is t ics  were best described as e i t h e r  t h e  
s o l a r  wind or breeze depending  upon t h e  magnitude of t h e  
v e l o c i t y  w i t h  which t h e  radial  plasma f l o w  w a s  p r e d i c t e d .  
A t  t h e  p r e s e n t  t i m e  direct  measurements i n  s p a c e  have 
c o n f i r m e d  t h e  solar  w i n d  t h e o r y  as p roposed  by  Parker 
(summarized i n  P a r k e r  (a). F i g u r e  3 shows t h e  v e l o c i t y  
r e s u l t s  for un i fo rm c o r o n a l  e x p a n s i o n  as dependent  
upon the c o r o n a l  t e m p e r a t u r e  and  radial  d i s t a n c e  from t h e  
sun .  I t  is s e e n  t h a t  beyond a f e w  solar rad i i  t h e  solar 
wind v e l o c i t y  is a p p r o x i m a t e l y  c o n s t a n t .  D i rec t  measurements 
i n  s p a c e  y i e l d  v e l o c i t i e s  i n  t h e  range 3-7 x lo7 cms/second 
(Bridge e t  (8) ;  Snyder  and  Neugebmer (9)) and  d e n s i t i e s  
* 
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i n  the  range 3-70 protons/cc.  The concept of the s0-l-a-r wind 
as  a continuous solar plasma flux is important i n  a s tudy  of 
the  present  state of the  geomagnetic f i e l d  because of t h e  
far reaching effects which result from t h e  i n t e r a c t i o n  of 
t h e  solar wind with the geomagnetic f i e l d .  
- 8 -  
The Magnetosphere and  Its Boundary 
The c o n t i n u a l  f l u x  of  solar  plasma c o n f i n e s  t h e  
geomagnetic f i e l d  t o  a r e g i o n  of s p a c e  which is now referred 
t o  as t h e  magnetosphere.  L e s s  than  three y e a r s  ago Hines  
(10) p r e s e n t e d  i n  t h i s  j o u r n a l  a p a p e r  on t h e  magnetosphere 
boundary e n t i t l e d  ''The Magnetopause: A New F r o n t i e r  i n  
Sc ience" .  Rapid  advances  i n  e x p e r i m e n t a l  r e s u l t s  c o u p l e d  
w i t h  t h e o r e t i c a l  s t u d i e s  have  shown t h a t  t he  c o n f i n e d  and  
h i g h l y  d i s t o r t e d  geomagnet ic  f i e l d  o f fe rs  a number of new 
problems a s  w e l l  as p o s s i b l e  s o l u t i o n s  t o  many famil iar  
problems i n  t e r r e s t r i a l  and  extra  te r res t r ia l  p h y s i c s .  
F i g u r e  4 p r e s e n t s  a s i m p l i f i e d  i l l u s t r a t i o n  of the  i n t e r a c t i o n  
of t he  solar  wind w i t h  t h e  geomagnetic f i e l d  as s u g g e s t e d  
i n  s t u d i e s  p r i o r  t o  1962.  The rarefied solar  p lasma,  
c o n s i s t i n g  p r i n c i p a l l y  of p r o t o n s  of a p p r o x i m a t e l y  1 K e V  e n e r g y  
w i t h  approx ima te ly  5% he l ium i o n s ,  is shown t o  i n t e r a c t  
w i t h  the geamagnetic f i e l d  as  a c o l l e c t i o n  of separate p a r t i c l e s .  
The magnetic f i e l d  t u r n s  t h e  p a r t i c l e s  a r o u n d , r e f l e c t i n g  
t h e  plasma f l o w  and an  e f f e c t i v e  e lec t r ica l  c u r r e n t  is 
developed  on the boundary. S a t e l l i t e  mreasurements Of t h e  
d i s t o r t e d  geomagnet ic  f i e l d  w i t h i n  t h e  magnetosphere  as w e l l  
as its boundary c h a r a c t e r i s t i c s  have  been  made s i n c e  1958. 
These measurements show t h a t  as a d i r e c t  r e s u l t  of t h e  
f l u x  of t h e  l o w  e n e r g y  plaama f r o m  t h e  s u n  and  its i n t e r a c t i o n  
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w i t h  t h e  geomagnet ic  f i e l d ,  extraterrestr ia l  s p a c e  can  
be d i v i d e d  i n t o  t h r e e  c h a r a c t e r i s t i c  r e g i o n s :  
1. 
2. 
3. 
The i n t e r p l a n e t a r y  r e g i o n  where t h e  p r o p e r t i e s  
of .the i n t e r p l a n e t a r y  medium are u n d i s t u r b e d  by 
the presence of the  e a r t h  and  its magne t i c  f i e ld ,  
The magnetoshea th  or i n t e r a c t i o n  region a s s o c i a t e d  
w i t h  t h e  impact of t h e  solar u i n d  on the geomagnet ic  
+in1d sne 
The magnetosphere ,  t h a t  r e g i o n  of s p a c e  c o n t a i n i n g  
t h e  geomagnet ic  f i e l d  a n d  encompassing t h e  e a r t h  
i n  t h e  classical  concept  of t h e  Chapman-Ferraro 
geomagnet ic  c a v i t y  . 
S e p a r a t i n g  t h e s e  regions are t w o  s u r f a c e s  whose p h y s i c a l  
c h a r a c t e r i s t i c s  have  o n l y  r e c e n t l y  begun t o  be i n v e s t i g a t e d :  
1. The col l is ionless  magnetodydrodynamic shock  wave 
surzace S G : ~ ~ A  ----e at*ue 4 - m  +ha -nAjcr+iirhcrd u-u - --- --- ___ interplanetary - _ _  
medium f r o m  the magnetosheath.  and  
2. The mag netopause s e p a r a t i n g  t h e  i n t e r a c t i o n  region 
f r o m  t h e  magnetosphere.  
T h i s  p a p e r  w i l l  d i s c u s s  o n l y  t h e  magnetosphere and 
its boundary l a y e r ,  t h e  magnetosheath.  A summary of all 
satell i tes and  s p a c e  p robes  which have  carried magnetometers 
for  the e x p l i c i t  purpose  of measur ing  f ie lds  i n  space is 
g i v e n  i n  T a b l e  I. 
m a i n l y  data on t h e  geomagnetic f i e l d  are 
Those expe r imen t s  which have  y i e l d e d  
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i n c l u d e d  a long  w i t h  t h e i r  p e r t i n e n t  s p a c e c r a f t  o rb i t a l  
c h a r a c t e r i s t i c s  and expe r imen t  p a r a m e t e r s .  P r o j e c t e d  on 
t h e  p l a n e  of t h e  e c l i p t i c  i n  F i g u r e  5 are t h e  r e l a t i v e  
p o s i t i o n s  of these s a t e l l i t e  o r b i t s  w i t h  r e s p e c t  t o  t h e  
e a r t h - s u n  l i n e .  The p o s i t i o n  of t h e  magnetosphere boundary 
a n d  t h e  shock wave s u r f a c e  are also shown. 
Although e a r l y  measurements on t h e  P i o n e e r  I and  V 
s a t e l l i t e s  (11,12)  in.1959 s u g g e s t e d  t e r m i n a t i o n  of t h e  n z u l a r  
geomagnetic f i e l d  a t  a p p r o x i m a t e l y  14 no  c o n t i n u a u s  
t r a v e r s a l  of the  boundary w a s  obse rved  because  of  i n t e r m i t t e n t  
s a t e l l i t e  d a t a  t r a n s m i s s i o n .  L e s s  t h a n  5 y e a r s  ago t h e  first 
e x p e r i m e n t a l  ev idence  on t h e  conf inement  of  t he  geomagnet ic  
f i e l d  and o b s e r v a t i o n s  of its boundary were obtained by  t h e  
E x p l o r e r  X sa te l l i t e  magne t i c  f i e l d  a n d  plasma e x p e r i m e n t s  
of Heppner et a l . ,  (13) and B o n e t t i  e t  a l .  (14) . This 
s a t e l l i t e ,  l aunched  i n  March 1961, t r a n s m i t t e d  u s e f u l  
i n fo rma t ion  o n l y  t o  apogee of its f irst  o r b i t .  However, 
these da ta  r e v e a l e d  a large scale d i s t o r t i o n  of t h e  
geomagnetic f i e l d  on t h e  a n t i s o l a r  s ide  of t h e  e a r t h  and  
a n  i n t i m a t e  a n t i - c o r r e l a t i o n  between the  solar  plasma and  
t h e  magnitude o f  t h e  magnet ic  f i e l d .  
E a r l i e r  detailed mapping of the geomagnet ic  f i e l d  close 
t o  t h e  e a r t h  on t h e  E x p l o r e r  V I  s a t e l l i t e  (15,16) i n  1959 
had y i e lded  data i n i t i a l l y  i n t e r p r e t e d  to i n d i c a t e  the exis- 
*ence of a Permanent " r i n g  c u r r e n t " ,  due bo c h a r g e d  p a r t i c l e s  
, - 11 - 
i n  r e g u l a r  a x i a l l y  symmetric m o t i o n  a round t h e  E a r t h  a t  
d i s t a n c e s  of 8-10 R E D  ( T h e  magnet ic  f i e l d  o f  such  
a c u r r e n t  sys t em is d i r e c t e d  o p p o s i t e  t o  t h e  E a r t h ' s  f i e l d  
a t  d i s t a n c e s  (-8 R and para l le l  w i t h  t h e  geomagnet ic  f i e l d  
a t  d i s t a n c e s  
o n l y  a component of t h e  f i e l d  and  n o t  t h e  comple te  vector 
so  t h a t  a un ique  i n t e r p r e t a t i o n  w a s  imposs ib l e .  Subsequen t ly  
t h e  Explorer V I  data  were reexamined and shown t o  be 
E 
> 10 RE).  However t h e s e  measurements y i e l d e d  
n * - - ;  - & - - - A  . ' *  
bGll WI LII %e g e n e r a l  d i s t o r t i o n  of t h e  geomagnet ic  
f i e l d  as  i n d i c a t e d  by Exp lo re r  X and  l a t e r  sa te l l i t e  
measurements (17) Russ i an  measurements of t h e  d i s t a n t  
t e r r e s t r i a l  m a g n e t i c  f i e l d  o n  t h e  moon probes Luniks  I 
and  I1 detected l a r g e  d e p r e s s i o n s  of the main f i e l d  a t  2.8- 
4.0 RE (18,19) ., R e c e n t l y  t h e  Russ i an  E l e c t r o n  2 ear th  
s a t e l l i t e  (20 )  h a s  a l so  confirmed i n  approx ima te ly  t h e  same r e g i o n  
of space smaller  d e p r e s s i o n s  of t h e  f i e l d  than 
those observed on previous USSR l aunches .  Direct  
sa r t ic le  measurements i n  the r a d i a t i o n  belt (21) do not 
r e v e a l  the e x i s t e n c e  of p a r t i c l e  fluxes adequate to 
e x p l a i n  t h e  magnet ic  field data i n  t e r m s  of a r i n g  c u r r e n t .  
The magne t i c  f i e l d  d a t a  must be i n t e r p r e t e d  i n  t e r m s  of 
a permanent  non- a x i a l l y  symmetric d i s t o r t i o n  of t h e  
magnetosphere  so t h a t  t h e  l o c a l  t i m e  of data o b s e r v a t i o n s  
must be c o n s i d e r e d .  
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S h o r t l y  a f t e r  E x p l o r e r  X ,  t h e  U S  launched  t h e  
E x p l o r e r  XI1 s a t e l l i t e  i n  August 1961, t h e  f i r s t  i n  a 
series of i n c r e a s i n g l y  s o p h i s t i c a t e d  s a t e l l i t e s  t o  
i n v e s t i g a t e  v a r i o u s  p a r t i c l e ,  f ieLd and  plasma phenomenon i n  
t h e  fpcqagnet ic  f i e l d  and  i n t e r p l a n e t , z p y  s p a c e .  These 
measurements (22,23) showed a t e r m i n a t  i o n  of t h e  
compressed geomagnet ic  f i e l d  a t  a d i s t a n c e  between 8-10 RE 
on t h e  s u n l i t  s ide o f  t h e  e a r t h  and  s i m u l t a n e o u s  t e r m i n a t i o n  
o f  t h e  Van A l l e n  t r a p p i n g  r e g i o n  fo r  e n e r g e t i c  p a r t i c l e s .  
I n  a d d i t i o n ,  an  i n c r e a s e d  plasma f l u x ,  i n f e r r e d  t o  be 
the rma l i zed  solar  p l a s m ,  vias a l s o  obse rved  beyond t h e  
magnetosphere,  These p a r t i c l e  and f i e l d  measurements ,  
combined wi th  t h e  E x p i o r e r  X data, e s t a b l i s h e d  e x p e r i m e n t a l l y  
t h e  permanent e x i s t e n c e  o f  a c o n f i n e d  and  compressed 
geomagnetic f i e l d ,  
The r e l a t i v e  p o s i t i o n s  of t h e  magnetosphere and  its 
boundary l a y e r  as  measured by t h e  E x p l o r e r  X I 1  s a t e l l i t e  
are  shown i n  F i g u r e  6. These d a t a  are p r o j e c t e d  on t h e  
e q u a t o r i a l  p l a n e  of t h e  e a r t h  and  show t h e  r o u g h l y  s p h e r i c a l  
shape  of t h e  magnetosphere boundary n e a r  t h e  s u b s o l a r  p o i n t  
and a l s o  the l i m i t e d  e x t e n t  o f  t h e  t h e r m a l i z e d  plasma.  I t  
w a s  a l s o  p o s s i b l e  w i t h  t h e s e  d i rec t  measurements of t h e  
boundary p o s i t i o n  t o  p l a c e  i n  a p r o p e r  p e r s p e c t i v e  t h e  
e a r l i e r  measurements by t h e  P ionee r  and  E x p l o r e r  s a t e l l i t e s  
( 2 5 )  
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A comprehensive s u r v e y  of t h e  c o n f i n e d  geomagnet ic  
f i e l d ,  its boundary and s i g n i f i c a n t l y  magnetic measurements 
a t  t h e  c o l l i s i o n l e s s  shock wave have been made by t h e  
Exp lo re r  XVIII (IMP-I) sa te l l i te  (26,27) .  The bagnetic f i e l d  
measurements ,  as presented i n  t h e  solar  e c l i p t i c  c o o r d i n a t e  
s y s t e m , a r e  shown i n  F i g u r e  7 on t h e  o rb i t  t h a t  pas sed  n e a r e s t  
t o  t h e  s u b s o l a r  p o i n t  on t h e  magnetosphere boundary,  
+ 
I t  is seen  t h a t  t h e  obse rved  magnetic f i e l d  
w i t h i n  t h e  magnetosphere < < 10.8) R is dipected p a r a l l e l  E 
P Footnote :  
I n  a s t u d y  of the i n t e r a c t i o n  of t h e  solar w i n d  
w i t h  t he  geomagnet ic  f i e l d ,  a coordinate sys tem has  
been i n t r o d u c t e d  which r e f l e c t s  t h e  importance of t h e  
solar o r i g i n  of the plasma. D i r e c t  measurements of 
the selar winO indicate velocities between 3-7 x 10 cdsec.  
The helioeutric orbi ta l  motion of t h e  earth through 
i n t e r p l a n e t a r y  s p a c e  is only 3 x lo6 c d s e c o n d  so t h a t  
the d i r e c t i o n  of t h e  solar plasma flow is aberrated f r o m  
t h e  s u n - e a r t h - l i n e  by o n l y  3 t o  6 degrees. 
geocentric solar e c l i p t i c  c o o r d i n a t e  sys tem compr is ing  an  
Xseaxis directed f r o m  the earth t o  t h e  sun  and t h e  Zse 
axis normal to  t h e  e c l i p t i c  p l a n e  h a s  been found t o  be a 
u s e f u l  reference i n  which t o  s t u d y  measurements of f i e l d s  
and  plasmas. I n  t h i s  coordinate fram, 0 is t h e  l a t i t u d e  and 
i9 t h e  l o n g i t u d e  as measured E a s t  of t h e  Sun.  
7 
A r i g h t  handed 
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t o  t h a t  t h e o r e t i c a l l y  p r e d i c t e d .  The magnitude of t h e  
f i e l d  is increased a b r u p t l y  w i t h i n  t h e  magnetosphere 
boundary and g r a d u a l l y  approaches  t h e  t h e o r e t i c a l  v a l u e  n e a r  
t h e  e a r t h .  The d i s t u r b e d  c h a r a c t e r  of t h e  magne t i c  
f i e l d  and  rapid f l u c t u a t i o n s  obse rved  beyond t h e  
magnetosphere boundary are typical of o b s e r v a t i o n s  w i t h i n  
t h i s  p a r t i c u l a r  r e g i o n  of space. Plasma measurements 
o b t a i n e d  by t h e  same IMP-I sa te l l i t e  (8 )  have  shown a 
remarkable c o r r e l a t i o n  w i t h  t h e  p o s i t i o n  of t h e  magnetosphere 
boundary. The e x i s t e n c e  of a n  a p p r o x i m a t e l y  i s o t r o p i c a l l y  
d i r e c t e d  flow o f  plasma immedia te ly  beyond t h e  b o u n d w y  is 
g e n e r a l l y  observed .  
I t  is  n o t e d  t h a t  t h e  magnitude of t h e  f i e l d  a t  t h e  
magnetosphere boundary is a p p r o x i m a t e l y  twice t h a t  which 
would be due to  t h e  e a r t h ' s  f i e l d  a l o n e .  T h i s  is u n d e r s t o o d  
by c o n s i d e r i n g  t h e  diamagnetic e f f ec t s  of the plasma which 
must compress and  t h e r e b y  e x c l u d e  t h e  terrestr ia l  magne t i c  
f i e l d  so t h a t  t h e  normal component a t  t h e  boundary is zero. 
An image d i p o l e  on t h e  solar s ide  of the magnetopause 
w i t h  t h e  same v a l u e  a s  t h e  E a r t h ' s  w i l l  y i e l d  a z e r o  normal 
component a t  a p l a n e  boundary a p p r o x i m a t i n g  t h e  magnetopause.  
A t  t h e  boundary  it w i l l  lead to a d-ling of the f i e l d  
magnitude.  More d e t a i l e d  c o m p u t a t i o n s  of t h e  shape  of t h e  
magnetosphere boundary have  been c o n d u c t e d  by  a number of 
i n v e s t i g a t o r s ,  as summarized by Beard  (28). In g e n e r a l  
t h e y  employ t h e  s i m p l i f i e d  model shown i n  F i g u r e  4. 
'. 
There h a s  been some d i s c u s s i o n  abou t  t h e  a p p r o p r i a t e  
p h y s i c a l  c h a r a c t e r  of the r e f l e c t i o n  of plasma a t  t h e  
boundary. b u t  t h e  r e s u l t s  a r e  m u t u a l l y  in good agreenen t .  
The mathemat ica l  problem s o l v e d  is one i n  which t h e  
boundary c o n d i t i o n s  are known but t h e  p o s i t i o n  of t h e  
boundary is t o  be deduced. T h i s  r e p r e s e n t s  a var ia t ion  
to t h e  classical boundary v a l u e  p r o b l e m  which are familiar 
i n  mathematical p h y s i c s  . 
A b  7~ - -  iu  ----41.1- ~ U U V ~ Y I V  A n  ".. n = + i ~ a t -  -------- + p  d i s t a n c e  at which the  geomaanetic 
f i e l d  w i l l  terminate by consideration of t h e  ba lance  of magnet ic  
p r e s s u r e  and plasma mamenturn f l u x  a t  6he s u b s o l a r  p o i n t .  
L e t  
and  
then 
b u t  
thus 
= t h e  e q u a t o r i a l  f i e l d  s t r e n g t h  of t h e  e a r t h  
BO 
n = t h e  plasma d e n s i t y  
Vs = t h e  solar wind v e l o c i t y  
Bb 
R = the g e o c e n t r i c  radial d i s t a n c e  to t h e  magneto- 
b 
= t h e  t o t a l  f i e l d  a t  t h e  magnetosphere boundary 
s p h e r e  boundary 
p r e s s u r e  a - 2 m V t = B b 2 / 8 r  
S u b s t i t u t i n g  Bo = 0.312 Gauss, n = 2-10 pro tons /cc  and  Vs = 
4 x lo7  cm/second y i e l d s  Rb = 8-11 % which is i n  r e a s o n a b l y  , 
good agreement  w i t h  o b s e r v a t i o n s .  
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The magne t i c  f i e l d  measurements o b t a i n e d  on ou t -  
bound IMP-I o r b i t  #l a t  a n  a n g l e  of 45O t o  t h e  
s u n - e a r t h - l i n e  are shown i n  F i g u r e  8. As b e f o r e  it is 
s e e n  tha t  t h e  magnitude of t h e  f i e l d  is above t h a t  
t h e o r e t i c a l l y  p r e d i c t e d  w i t h i n  t h e  magnetosphere and  
t h a t  a t  11.3 a n  a b r u p t  decrease o c c u r s  i n  t h e  magnitude 
as t h e  d i rec t iona l  c h a r a c t e r  of t h e  f i e l d  changes  t o  
r a p i d l y  f l u c t u a t i n g .  Higher  f r e q u e n c y  f l u c t u a t i o n s  are 
i n f e r r e d  from t h e  s e p a r a t e  p r e s e n t a t i o n  of t h e  i n d i v i d u a l  
X s e  - Y s e - Z s e  component RMS d e v i a t i o n s  of t h e  f i e l d .  
A t  a d i s t a n c e  of  16 .8  t h e  a v e r a g e  magnitude of  t h e  
f i e l d  approaches  5 gammas and t h e  d i r e c t i o n a l  c h a r a c t e r  
of t h e  f i e l d  s t ab i l i ze s  a t  t h e  same t i m e  t h e  h i g h  f r e q u e n c y  
f l u c t u a t i o n s  are obse rved  t o  d i s a p p e a r .  T h i s  change i n  
c h a r a c t e r  of t h e  f i e l d  is i d e n t i f i e d  as r e p r e s e n t i n g  t h e  
d e t a c h e d  bow shock  wave which d e v e l o p s  i n  t h e  s u p e r s o n i c  
f l o w  of the  solar wind as  it i n t e r a c t s  w i t h  t h e  geomagnet ic  
f i e l d  (29, 30). 
The i n t e r p l a n e t a r y  medium c o n t a i n s  a n  a v e r a g e  magne t i c  
f i e l d  of approx ima te ly  5 gammas (27) and  a rarefied d e n s i t y  
of  a f e w  p ro tons / cc  so t h a t  t h e  phase  v e l o c i t i e s  i n  t h e  plasma, 
~ . e . ,  the Alfven v e l o c i t i e s ,  are a p p r o x i m a t e l y  5 x lo6 cm/second. 
S i n c e  t h e  solar wind f l o w  is both deduced  (31) a n d  measured 
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7 (8,9) t o  be a t  l eas t  3 x 10  cm/sec, t h e  co r re spond ing  
Alf/en Mach number of t h e  f l o w  is a t  least  
h i g h e r .  The c h a r a c t e r i s t i c  f e a t u r e  of t h e  magnet ic  f i e l d  
as i l l u s t r a t e d  i n  F i g u r e  8 i n  which t h e  t h r e e  r e g i o n s  
of s p a c e  d e f i n e d  a t  the beginning  of t h e  paper  are so 
c l e a r l y  i d e n t i f i e d  is in g e n e r a l  observed  c l e a r l y  i n  
each radial  t r a v e r s a l  of t h e  geomagnet ic  f i e l d  wh i l e  the 
6 or  
~ ~ ~ = ~ ~ i + , =  nsa==inu QE +he c i 2 n l i g h t  side of the  earth. 
c -- - ---E 
P r e s e n t  i n t e r p r e t a t  i o n s  of t he  phenomenon of  the 
solar wind i n t e r a c t i o n  w i t h  t h e  geomagnetic f i e l d  are 
based upon an ana logy  w i t h  h y p e r s o n i c g a s  dynamics. An 
e x c e l l e n t  r ev iew of  t h e  a r g u m e n t s  f o r  t h i s  ana logy  have 
been p r e s e n t e d  by Levy, Petschek and  S i e c o e  (32). For 
r e f e r e n c e P i g u r e  9 shows t h e  photograph  6f a s p h e r e  
i n t e r a c t i n g  i n  a hypersonic  gas f l o w  a t  Mach number 14. 
shadowgraph a&ows the develepiiieiit Gf & disContfouGus change 
in p h y s i c a l  p r o p e r t i e s  along t h e  rough ly  p a r a b o l i c  . s u r f a c e  
The 
as indicated by the heavy l i n e ' e n c l o s i n g  t h i s  sphere. 
It is impor t an t  t o  r ecogn ize  t h a t  it le n o t  t h e  e a r t h  
but r a t h e r  t h e  E a r t h ' s  magnetosphere which r e p r e s e n t s  a 
b l u n t  object (approximately s p h e r i c a l  on t h e  s u n l i t  
hemisphere p o r t i o n )  and which i n t e r a c t s  w i t h  the solar 
w i n d  f l o w  t o  develop  the detached bow shock wave. 
- 18 - 
A d i r e c t  comparison of  t h e  t h e o r e t i c a l  shape  and  
p o s i t i o n  of t h e  shock  w i t h  o b s e r v a t i o n s  is shown i n  F i g u r e  
10. I n  t h i s  p r e s e n t a t i o n  t h e  p o s i t i o n s  of  t h e  shock  and 
magnetosphere boundary are r e p r e s e n t e d  by  d o t s  and  crosses 
r e s p e c t i v e l y .  The s o l i d  l i n e s  which p a s s  th rough  t h e  
dots and  c r o s s e s  r e p r e s e n t  t he  t h e o r e t i c a l  p r e d i c t i o n  (33) 
f o r  bo th  t h e  magnetosphere boundary and  a lso t h e  de t ached  
bow shock wave. A s l i g h t  a d j u s t m e n t  of t h e  t h e o r e t i c a l  
s t a n d o f f  r a t i o  (measuring t h e  t h i c k n e s s  of t h e  magnetosheath)  
h a s  been made t o  p r o v i d e  a better agreement be tween 
o b s e r v a t i o n s  a n d  t h e o r y .  I n  t h e  gas dynamic ana logy  t h i s  
means  increas ing  t h e  e q u i v a l e n t  s p e c i f i c  h e a t  r a t io  above 
t h e  assumed v a l u e  of 5/3. 
A t  the  p r e s e n t  t i m e  s e v e r a l  s t u d i e s  of t h e  p r e c i s e  
mechanism l ead ing  t o  the  development  of a c o l l i s i o n l e s s  
shock wave w i t h  s p e c i f i c  a p p l i c a t i o n  t o  t h e  case of t h e  
s o l a r  wind i n t e r a c t i o n  w i t h  t h e  geomagnet ic  f i e l d  have  
been conducted  (34,35,36). Although t h e  de ta i l s  are 
n o t  w e l l  u n d e r s t o o d ,  t h e  o b s e r v a t i o n a l  e v i d e n c e  s t r o n g l y  
s u g g e s t s  t h e  e x i s t e n c e  of a shock wave or a t  least  
a shock- l ike  phenomenon i n  which t h e  c h a r a c t e r i s t i c s  of t h e  
s o l a r  wind and  t h e  i n t e r p l a n e t a r y  magne t i c  f i e l d  a b r u p t l y  
change upon p e n e t r a t i n g  the  magnetoshea th .  The miagnetic 
f i e l d  is  i n c r e a s e d  and  becomes t u r b u l e n t  and  t h e  directed 
. .  
s o l a r  plasma f l o w  is randomized a n d  t h e  s p e c t r u m  broadened. 
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The g r o s s  p h y s i c a l  c h a r a c t e r i s t i c s  a t  t h e  boundary 
of t h e  magnetosphere have  been measured by a number of 
sa te l l i t e  e x p e r i m e n t s .  An i m p o r t a n t  f i n d i n g  of t h e  
measurements has been t h e  extreme n a r r o w n e s s  of the 
magnetosphere  boundary. With t h e  a s sumpt ion  of a f i x e d  
posi t ion of t h e  boundary du r ing  a sa te l l i t e  t r a v e r s a l ,  
it is found t h a t  t h e  t h i c k n e s s  of t h e b a g n e t o p a u s e  is a 
v e r y  small f r a c t i o n  of a n  e a r t h  r a d i u s ,  ' 2  x 10 c m s .  
Levy e t  d (32) have  ana lyzed  t h e  problem of t h e  detai led 
c h a r a c t e r i s t i c s  of t h e  magnetopause boundary l a y e r  
7 
s u r r o u n d i n g  t h e  magnetosphere, as  shown i n  F i g u r e  11. 
They consider t h e  magnetopause a s  an  Alfven  wave a n d  a 
s l o w  expans ion  wave which a r e  c o i n c i d e n t  n e a r  t h e  s u b s o l a r  
1 
p o i n t  b u t  which s e p a r a t e  near t he  p o l a r  r e g i o n s .  I n  
add i t ion ,  as o r i g i n a l l y  noted  by Dungey (37), there is 
every r e a s o n  t o  a n t i c i p a t e  a c o n n e c t i o n  of h i g h  l a t i t u d e  
geomagnet ic  f i e l d  l i n e s  t o  t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  
as shown in Figure 11. T h i s  c o n n e c t i o n  of f i e l d  l i n e s  
has fu r the r  implications f o r  t h e  c o n f i g u r a t i o n  of t h e  f i e l d  
k ?  
on t h e  n i g h t  side of t h e  e a r t h .  S a t e l l i t e  measurements 
a t  p r e s e n t  are n o t  s u f f i c i e n t l y  d e f i n i t i v e  t o  a s c e r t a i n  
i f  t h e  model as  proposed  is  v a l i d  and i ndeed  t o  what e x t e n t  
c o n n e c t i o n  exists on  t h e  s u n l i t  hemisphere  of t h e  magneto- 
s p h e r e  
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The E a r t h ' s  Magnet ic  T a i l  
I n  a 1960 s t u d y  of t h e  phenomenon of  t h e  geo- 
magnet ic  storm, P i d d i n g t o n  (38) s u g g e s t e d  that magne t i c  
f i e l d  l i n e s  would t e m p o r a r i l y  be e x t e n d e d  on t h e  n i g h t s i d e  
o f  t h e  e a r t h  somewhat a s  shown i n  F i g u r e  1 2 ,  d i s to r t ed  by 
an  e f f e c t i v e  viscous stress o f  t h e  solar ,wind on  t h e  o u t e r -  
m o s t l i n e s  of f o r c e .  The f i r s t  measurements of t h e  e a r t h ' s  
magnet ic  f i e l d  on t h e  n i g h t  side of  t h e E a r t h  a t  g r e a t  
d i s t ance  by E x p l o r e r  X i n  1961 i n d i c a t e d  t h a t  such  a 
d i s to r t ion  e x i s t e d  even i n  $he absence  of  a geomagnet ic  storm. 
Subsequen t ly  Explorer X I V  (40) r e v e a l e d  n e a r  l o c a l  midn igh t  
an  a p p a r e n t  e l e c t r o n  " ta i l "  i n  t h e  e n e r g e t i c  p a r t i c l e  
d i s t r i b u t i o n  a s  shown i n  F i g u r e  13. On t h e  same s a t e l l i t e  
C a h i l l  (41) measured t h e  t e r res t r ia l  f i e l d  approach ing  
approximate ly  
Recent  d e t a i l e d  e x p e r i m e n t a l  measurements mapping t h e  e a r t h ' s  
magnet ic  f i e l d  o n  t h e  n i g h t s i d e  of  t h e  E a r t h  per formed by t h e  
IMP-I s a t e l l i t e  (42) have shown t h a t  t h e  geomagnet ic  f i e l d  
t r a i l s  o u t  f a r  behind  t h e  e a r t h  a t  least  ha l fway  t o  t h e  moon 
and forms a s u b s t a n t i a l  and  permanent magne t i c  t a i l .  
an  a n t i s o l a r  d i r e c t i o n  a t  a d i s t a n c e  of 16  R E O  
Tha t  such  a n  appendage t o  t h e  geomagnet ic  f i e l d  would 
e x i s t  permanent ly  had been r e c e n t l y  p r e d i c t e d  (39 ,  43, 
44, 45). A m a g n e t i c a l l y  n e u t r a l  r e g i o n  s e p a r a t i n g  o p p o s i t e l y  
d i r ec t ed  f i e l d s  h a s  been detected (42) and  is i l l u s t r a t e d  as  
the  n e u t r a l  p l a n e  i n  F i g u r e  1 2 .  I n  t h e  model of Dessler 
(43,44)  t h e  e a r t h ' s  magnet ic  f i e l d  t r a i l s  o u t  f a r  beh ind  t h e  
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e a r t h  t o  20-50 A.U. ( a s t ronomica l  u n i t )  f o l l o w i n g  t h e  
f l o w  of  p lasma f r o m  t h e  S u n w i t h  n e g l i g i b l e  merging of 
f i e l d  l i n e s  across t h e  n e u t r a l  p l a n e  from t h e  upper  a n d  
lower r e g i o n s  of t h e  t a i l .  An a l t e r n a t i v e  view h a s  been 
t a k e n  by Axfordet  a l .  (45) based  upon i n i t i a l  s u g g e s t i o n s  
by  Dungey (37) i n  which a n  appreciable merging of f i e l d  
l i n e s  on t h e  n i g h t s i d e  of  t h e  e a r t h  would lead t o  t h e  
development  of a n e u t r a l  l i n e  and  Sheet region which 
would c o n t a i n  enhanced p a r t i c l e  f l u x e s , s u c h  as t h o s e  
o b s e r v e d  by  E x p l o r e r  X I V .  
Detailed measurements f r o m  the  IMP-I s a t e l l i t e  on 
o r b i t  #41 i n  May 1964 yieldd data obta ined  when t h e  
s a t e l l i t e  was c loses t  t o  t h e  midn igh t  mer id i an  p l a n e  
( F i g u r e  14)  a I n s p e c t i o n  of t h i s  data d e m o n s t r a t e s  t h e  
remarkable f e a t u r e  of t h e  d i r e c t i o n  o f  t h e  f i e l d  p a r a l l e l i n g  
c l o s e l y  t h e  Eartth -Sun-l ine ( 0 = Oo and 9 = Oo or 180°) 
a n d  d i rec ted  e i t h e r  toward (0 = Oo) or away (Q=1800) from t h e  
Sun depending  upon whether  t h e  s a t e l l i t e  is above or below t h e  
m a g n e t i c a l l y  n e u t r a l  r e g i o n  i d e n t i f i e d  as t h e  n e u t r a l  
sheet. Shown i n  F i g u r e  14  on the  inbound p o r t i o n  of the  
orbi t  is t h e  a b r u p t  change i n  t h e  d i r e c t i o n  of t h e  magnet ic  
f i e l d  a t  16 RE. Although t h e  s a t e l l i t e  motion is 
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predomina te ly  r ad ia l  t h e r e  is a l s o  a s l i g h t  t r a n s v e r s e  
motion s o  t h a t  t h e  a p p a r e n t  t h i c k n e s s  of t h e  t r a n s i t i o n  
across t h e  n e u t r a l  s h e e t  i m p l i e s  an  e x t r e m e l y  t h i n  
f e a t u r e  i n  t h e  e a r t h ' s  magnet ic  t a i l .  
A summary of t h e  IMP-I o b s e r v a t i o n  of  t h e  e a r t h ' s  
magne t i c  t a i l  is p r e s e n t e d  i n  F i g u r e  15 showing t h e  XY 
components of  t h e  magnet ic  f i e l d  p r o j e c t e d  on t h e  e c l i p t i c  
p l a n e .  T h i s  p r e s e n t a t i o n ,  w i t h  l i t t l e  d i s t o r t i D n , p r e s e n t s  
a correct view of t h e  geomagnetic t a i l  f i e l d .  These data 
are s e p a r a t e d  t o  show t h e  r e s u l t s  o b t a i n e d  when t h e  s a t e l l i t e  
is above o r  below an imaginary  p l a n e  a t  2 .5  R below t h e  
e c l i p t i c  (chosen f o r  c l a r i t y  o f  p r e s e n t a t i o d .  I n  t h i s  
f i g u r e  i t  is p o s s i b l e  t o  f o l l o w  t h e  i n d i v i d u a l  s a t e l l i t e  
o r b i t s  and i d e n t i f y  a s i n g l e  or i ndeed  m u l t i p l e  t r a v e r s a l  
o f  t h e  n e u t r a l  s h e e t  on  e a c h  o r b i t .  M u l t i p l e  t r a v e r s a l s  
of  t h e  n e u t r a l  s h e e t  are i n t e r p r e t a b l e  i n  view of  t h e  
"wobble" of  t h e  e a r t h ' s  magnet ic  d i p o l e  a x i s  once 
e v e r y  24 h o u r s  and  t h e  associated o r i e n t a t i o n  of t h e  
magnet ic  n e u t r a l  s h e e t  (42) . 
E 
The g e n e r a l  i n t e r p r e t a t i o n  ascr ibed t o  t h e  o b s e r v a t i o n s  
is  t h a t  l i n e s  o f  f o r c e  o r i g i n a t i n g  i n  t h e  p o l a r  c a p  r e g i o n s  
of  t h e  e a r t h  are  d i s t o r t e d  by  t h e  solar  w i n d  t o  t r a i l  o u t  
f a r  behind t h e  e a r t h  and f o r m  t h e  magne t i c  t a i l  ( s e e  f i g u r e  
1 6 ) .  On t h i s  b a s i s  i t  is  p o s s i b l e  t o  p r e d i c t  t h e  
c o l a t i t u d e  of t h e  p o l a r  c a p  r e g i o n  which w i l l  c o r r e s p o n d  
t o  t h e  observed  c h a r a c t e r i s t i c s  of t h e  m a g n e t i c  t a i l  f i e l d .  
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L e t  % = r a d i u s  of t a i l  
% = t a i l  f i e l d  magnitude 
= c o l a t i t u d e  of  p o l a r  c a p  region 
ePC 
t h e n  c o n s e r v a t i o n  of f l u x  o r  c o n n e c t i o n  of f i e l d  l i n e s  
between t h e  polar cap and t h e  t a i l  r e q u i r e s  t h a t  
S u b s t i t u t i n g  a v a l u e  of 1 6  gammas o b t a i n e d  from the IMP-I 
measurement f o r  t h e  m e d i a n  magni tude of t h e  f i e l d  i n  t h e  
e a r t h ' s  t a i l  (46) and a n  approximate r a d i u s  of t h e  e a r t h ' s  
t a i l  of 22 (42) y i e l d s  a p r e d i c t e d  p o l a r  cap r e g i o n  of 
a p p r o x i m a t e l y  1 8 O  co-lat i t u d e .  
w i t h  the polar cap r e g i o n  a e g i n e d  by the ziiiror21 zme am! 
also the b o u n d a r i e s  of the trapped r a d i a t i o n  belts. 
The o b s e r v a t i o n s  of the r a d i a t i o n  belt have  shown tha t  
there is a s t r o n g  day-night  asymmetry i n  t h e  i n v a r i a n t  
l a t i t u d e  a t  which the t r a p p e d  particles are observed t o  
t e r m i n a t e  so  t h a t  t h e  d i s t o r t i o n  s u g g e s t e d -  as i n  F i g u r e  
12 is s u b s t a n t i a t e d  by expe r fmen ta l  d a t a .  Measurements of 
i n t e n s e  p a r t i c l e  f l u x e s  a t  higher l a t i t u d e s  t h a n  t h e  r a d i a t i o n  
bel ts  (47) s u g g e s t  t h a t  t h e i r  o r i g i n  is w i t h l n  the  geomagnet ic  
t a i l .  A t  t h e  p r e s e n t  t i m e  it a p p e a r s  p l a u s i b l e  t h a t  t h e  
This c o r r e s p o n d s  w e L l  
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t a i l  is the source of these energetic particles which 
form the aurora (48) .  However the exact mechanisms for 
acceleration of solar plasma particles to  auroral energies 
is n o t  clear.  
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Magnet ic  Storms 
The theore t ica l  s t u d y  of magnetic s t o r m  phenomenon 
o r i g i n a l l y  l e d  t o  t h e  s u g g e s t i o n  of t h e  t r a n s i e n t  f l u x  
of plasma from t h e  sun  compress ing  t h e  geomagnet ic  f i e l d  
and  l d i n g  t o  t h e  i n i t i a l  i n c r e a s e  i n  the h o r i z o n t a l  
component of t h e  geomagnet ic  f i e l d  (2) .  Subsequen t ly  
t h e  solar p a r t i c l e s  w e r e  t r a p p e d  i n  t h e  geomagnet ic  f i e l d  
i n  a " r i n g  c u r r e n t "  which t h e n  l e d  t o  t h e  c l a s s i ca l  main 
pitiise dez;.zz~,z tke t e r r p s t r i z ~ l  f i e l d  for a day or s o  
afterwards. The decay  of t h i s  r i n g  c u r r e n t  t h e n  o c c u r r e d  
and  t h e  geomagnetic f i e l d  resumed i ts  n o r m a l  c o n f i g u r a t i o n .  
With t h e  r e c e n t  measurements of a c o n t i n u a l  plasma conf inement  
of t h e  geomagnet ic  f i e l d  and  t h e  permanent e x i s t e n c e  of 
the ea r th ' s  m a g n e t i c  t a i l ,  r e v i s i o n s  of these c o n c e p t s  are 
n e c e s s a r y  i n  order t o  a n a l y z e  the magnet ic  storm phenomenon. 
S e v e r a l  magnet ic  s t o r m s  o c c u r r e d  d u r i n g  the l i fe t ime of 
-.-. . t h e  iw-1 s a t e r i i z e  while iiieasureizents ~ e r e  being performed 
i n  t h e  magne t i c  t a i l .  One on May 10 has the classical 
characteristic observable in the  ground s t a t i o n  records of 
a n  i n i t i a l  sudden i n c r e a s e  i n  the h o r i z o n t a l  component 
followed by a decrease and r e c o v e r y  o v e r  a t i m e  scale of 
s e v e r a l  d a y s  ( s e e  F i g u r e  17). C o r r e l a t e d  w i t h  t h e s e  data 
i n  t h i s  figure are t h e  magnetic f i e l d  measurements o b t a i n e d  
i n  t h e  e a r t h ' s  magnet ic  t a i l .  I t  is s e e n  t ha t  t h e  sudden 
compress ion  of t h e  magnetosphere,  associated p o s s i b l y  
w i t h  a p r o p a g a t i n g  shock wave i n  t h e  i n t e r p l a n e t a r y  medium, 
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is obse rved  a t  0035 UT on Yay 10. The c o r r e l a t i o n  and  
a n t i - c o r r e l a t i o n  of magne t i c  f i e l d  v a r i a t i o n s  i n  t h e  
t a i l  w i t h  t h o s e  on t h e  e a r t h ' s  s u r f a c e  c o r r e s p o n d  t o  
changes  i n  p r e s s u r e  and  t e n s i o n  on t h e  d i s t a n t  l i n e s  of 
force of the magnet ic  f i e l d  (49) 
In F i g u r e  18 measurements of t h e  boundary of t h e  
t r a p p i n g  r e g i o n  are compared w i t h  measurements of t h e  
e a r t h ' s  magnetic t a i l  f i e l d  d u r i n g  a magnetic storm i n  
A p r i l ,  1964. S a t e l l i t e  measurements of t h e  t r a p p i n g  
boundary a t  a n  e l e v a t i o n  of 1000 K m s  were per formed 
by t h e  APL s a t e l l i t e  1963-38C. P r e d i c t i o n  of t h e  
t e r m i n a t i o n  of t h e  t r a p p i n g  boundary i n v a r i a n t  l a t i t u d e  
is o b t a i n e d  u t i l i z i n g  a t h e o r e t i c a l  model of t h e  dis tor ted 
geomagnetic f i e l d  which i n c l u d e s  a t a i l  and  n e u t r a l  s h e e t .  
Although t h e r e  e x i s t s  a d i s c r e p a n c y  i n  t h e  o b s e r v e d  and  
p r e d i c t e d  p o s i t i o n  of t h e  t r a p p i n g  boundary for  t h e  p a r t i c l e  
e n e r g i e s  o b s e r v e d ,  t h e  changes  i n  t h i s  boundary are s e e n  
t o  be c o i n c i d e n t  i n  t i m e  a n d  e q u a l  i n  magni tude  w i t h  t h e o r y .  T h i s  
l e n d s  ve ry  s t rong  s u p p o r t  t o  t h i s  t a i l .  f i e l d  topo logy .  
In  a d d i t i o n  KP is n o t e d  t o  be correlated w i t h  t h e  t a i l  
f i e l d  magnitude. Detailed s t u d i e s  of t h e  t a i l  f i e l d  (46) 
d u r i n g  a t h r e e  month p e r i o d  have i n d i c a t e d  t h a t  P,p is 
g e n e r a l l y  p o s i t i v e l y  c o r r e l a t e d  w i t h  t a i l  f i e l d  magnitude 
a?hd i n d i c a t e  t h a t  a n  increase of solar  plasma f l u x  drags 
a d d i t i o n a l  l i n e s  of force i n t o  t h e  E a r t h ' s  magne t i c .  t a i l .  
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Summary 
T h i s  p a p e r  has p r e s e n t e d  e x p e r i m e n t a l  r e s u l t s  
o b t a i n e d  from mapping the e a r t h ' s  magne t i c  f i e l d  during 
the p a s t  e i g h t  y e a r s  w i t h  t h e  m o s t  u n i q u e ' l a b o r a t o r y  
benched' y e t  developed:  s a t e l l i t e s  and  s p a c e  probes. 
They have i n t r o d u c e d  and s t i m u l a t e d  c o n s i d e r a b l e  
a c t i v i t y  i n  t h e  new f i e l d  of  s p a c e  p h y s i c s .  They have a l so  
hrousht t o  many c l a s s i c a l  g e o p h y s i c a l  problems a c lear  , 
f r e s h  a n d  more a c c u r a t e  i n s i g h t .  T h i s  is p a r t i c u l a r l y  
t r u e  i n  t h e  f i e l d  of geomagnetism i n  which t h e  ea r th ' s  
magnet ic  f i e l d  is now known t o  be c o n t i n u o u s l y  compressed 
by  a solar c o r p u s c u l a r  f l u x ,  the solar w i n d ,  and t e r m i n a t e d  
a t  a p p r o x i m a t e l y  65,000 kilometers towards t h e  sun .  However, 
the  earth's magnet ic  f i e l d  is o b s e r v e d  t o  be ex tended  far 
b e h i n d  t h e  e a r t h  forming  a magnet ic  t a i l  i n  an a n t i s o l a r  
dfreztfz;~.  NC tcrmi=ation r?f the t a i l  a t  d i s tances  more t h a n  
ha l fway  t o  the moon is i n d i c a t e d .  Sugges t ed  t a i l  l e n g t h s  
v a r y  from extremes of 
I n  a related experiment t h e  Mar iner  I V  s p a c e  probe r e p o r t s  t h e  
50 A.U. t o  o n l y  1,000 RE. 
a b s e n c e  of e l e c t r o n  fluxes associated 
t a i l  or wake a t  distances of 3,000 
d i s t a n c e  t h e  t a i l  t e r m i n a t e s  a n d  what 
w i t h  t h e  magnetospher ic  
(50). A t  what 
is t h e  character of 
t h e  t e r m i n a t i o n  are problems whose answers  are of great 
s i g n i f i c a n c e  w i t h  resrect t o  o u r  s t u d y  of t h e  geomagnetic 
f i e l d  a n d  re la ted terrestrial phenomenon. 
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Because of t h e  s i m i l i a r i t y  of t h e  s o u r c e  phenomenon 
r e s p o n s i b l e  f o r  t h e  development of t h i s  magnet ic  t a i l  
feature  it has been n o t e d  that  t h e  earth may be 
compared t o  a "magnetic comet" (see F i g u r e  1 9 ) .  I n  
t h i s  c o n t e x t  t h e  n u c l e u s  of a comet would c o r r e s p o n d  w i t h  
the  earth, t h e  coma w i t h  the magnetosphere and  t h e  i o n i z e d  
gas t a i l  w i t h  t h e  e a r t h ' s  magnetic t a i l .  Such a s u g g e s t i o n  
is a d m i t t e d l y  r a t h e r  d e s c r i p t i v e  a l t h o u g h  f u t u r e  e x p e r i m e n t a l  
and  t h e o r e t i c a l  i n v e s t i g a t i o n s  may i n d i c a t e  a s u b s t a n t i a l l y  
more p rope r  and  comple t e  ana logy .  One of t h e  p r i n c i p a l  
problems i n  t h e  a n a l o g y  is t h a t  there is no known mechansim 
for  p roduc ing  a large magnetic f i e l d  i n  t h e  comet n u c l e u s  
o r  coma SQ, t h e  mechanism of  f o r m a t i o n  of t h e  i o n i z e d  gas 
t a i l s  is n o t  y e t  c lear .  The c a p t u r e  of t h e  i n t e r p l a n e t a r y  
magnet ic  f i e l d  o f f e r s  the  m o s t  p l a u s i b l e  h y p o t h e s i s  a t  
p r e s e n t ,  
There are t w o  o t h e r  a s p e c t s  of t h e  e a r t h ' s  magnet ic  
f i e l d  which  have  n o t  been treated b u t  which c o n t r i b u t e  
s i g n i f i c a n t l y  t o  a new view of the  terrestr ia l  magne t i c  
f i e l d .  One is t h e  recent r e s u l t  o b t a i n e d  f r o m  t h e  Mar iner  
I1 (51) and  I V  (53) s p a c e  p r o b e s  i n v e s t i g a t i n g  the  magne t i c  
f i e l d  of t h e  p l a n e t s  Venus and  Mars. Al though these s p a c e  
p r o b e s  d i d  aot  impact  t h e  p l a n e t ,  t h e y  p a s s e d  s u f f i c i e n t l y .  close 
and  c o n t a i n e d  s u f f i c i e n t l y  s e n s i t i v e  magnetometers  and  e n e r g e t i c  
p a r t i c l e  detectors t h a t  t h e y  wxy? able t o  estimate the  s t r e n g t h  
of t h e s e  p l a n e t a r y  magne t i c  f i e l d s .  Compared w i t h  t h e  E a r t h ' s  
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25 magnet ic  m o m e n t  of 8 x 10 emu u n i t s ,  the  maximum moment 
of Venus is o n l y  3.4% and i n  t h e  case o f  Mars 0.03%. Thus 
t h e  E a r t h  is un ique  among t h e s e  p l a n e t s  i n  h a v i n g  such  
a s t r o n g  f i e l d .  
Any mechanism for t h e  o r i g i n  of t h e  e a r t h ' s  magnet ic  
f i e l d  must r e l y  p r i n c i p a l l y  upon t h e  p r e s e n t  geometry and  
s t a t e  of t h e  earth and i t s  core. The classical  t h e o r y  of the 
geomagnet ic  f i e l d  o r i g i n  i n  a f l u i d  core "dynamo" is still  
-I-*--.#-. ~ + + ~ 9 ~ + i ~ 7 n  (53) The r P c P n t  theory of Malkus (54) is 
p a r t i c u l a r l y  p e r t i n e n t  s i n c e  it depends upon an i n t e r a c t i o n  
of the f l u i d  core w i t h  t h e  s o l i d  m a n t l e  a n d  t h e  associated 
p r e c e s s i o n a l  t o r q u e s .  T h i s  is s i g n i f i c a n t  s i n c e  t h e  second 
a s p e c t  of r ecen t  o b s e r v a t i o n s  p e r t i n e n t  t o  o u r  s t u d y  o f  t h e  
geomagnetic f i e l d  has o c c u r r e d  i n  pa leomagnet ic  r e s e a r c h  
on the a n c i e n t  h i s t o r y  of t h e  geomagnet ic  f i e l d .  Measurements 
of t h e  remanent  magnetism of rocks show t h a t  t h e  d i r e c t i o n  
of the ancfeiit geomagnetic field has beer! bnth approximately 
p a r a l l e l  t o  and  o p p o s i t e  t o  t h e  p r e s e n t  d i r e c t i o n  of t h e  
f i e l d  ( 5 5 ) .  T h i s  i m p l i e s  t h a t  t h e  e a r t h ' s  f i e l d  h a s  
r e v e r s e d  i t s e l f .  These reversed m a g n e t i z a t i o n s  are an  
i m p o r t a n t  f e a t u r e  of t h e  e a r t h ' s  magnet ic  f i e l d  i n  p a s t  
t i m e s  w i t h  t r a n s i t i o n s  from one  " p o l a r i t y "  t o  t h e  other 
observed t o  o c c u r  over r e l a t i v e l y  s h o r t  t i m e  scales. 
T h i s  pa leomagnet ic  research coup led  w i t h  s a t e l l i t e  
measurements of  b o t h  t h e  p r e s e n t  s ta te  of t h e  ear th 's  magnet ic  
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f i e l d  and data  on t h e  absence  o f  magnet ic  f i e l d s  on t h e  
planets  Venus and  Mars c l e a r l y  s t i m u l a t e  f u t u r e  research 
on the  v e r y  un ique  combina t ion  o f  p a r a m e t e r s  which lead 
to the  e x i s t e n c e  of the  terrestr ia l  magnet ic  f i e l d .  The 
changes  i n  p o l a r i t y  imply a dynamic o r i g i n  and  t h e  e x i s t e n c e  
o f  the so la r  wind leads t o  tempora l  v a r i a t i o n s  d e p m d i n g  
upon both the  f i e l d  s t r e n g t h  and  d i r e c t i o n  as w e l l  as the 
solar  wind f l u x .  C e r t a i n l y  t h e s e  new e x p e r i m e n t a l  results, 
when f u l l y  a n a l y z e d  and  i n c o r p o r a t e d  i n t o  t h e o r e t i c a l  
models, w i l l  make an  i m p o r t a n t  c o n t r i b u t i o n  t o  o u r  concept 
of the  or igi in  of the  solar s y s t e m  as it is c u r r e n t l y  c o n f i g u r e d .  
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13. 
14. 
15. 
bund les  of f i e l d  l i n e s  emerging from t h e  p o l a r  c a p s  
c e n t e r e d  a t  geomagnet ic  l a t i t u d e s  of a b o u t  87O on t h e  
midnight  m e r i d i a n .  (P idd ing ton  (39)) . 
Schematic diagpam of t h e  s p a t i a l  d i s t r i b u t i o n  of 
e l e c t r o n s  (Energy > 40 KeV) as o b t a i n e d  from 
E x p l o r e r  19 measurements i n  1963 n e a r  t h e  midn igh t  
mer id i an  p l a n e  Frank  (40)) . 
Magnetic f i e l d  measurements of t h e  ear th 's  magnet ic  
t a i l  n e a r  t h e  midn igh t  m e r i d i a n  p l a n e  by IMP-I on o r b i t  
#41 d u r i n g  A p r i l  30 t h rough  May 4 ,  1964. The d i r e c t i o n  
of t h e  f i e l d  is obse rved  t o  c l o s e l y  p a r a l l e l  t h e  e a r t h -  
sun  l i n e  w i t h  a r a p i d  change from a n t i s o l a r  to solar  
d i r e c t e d  s e n s e  on t h e  inbound p a s s  a t  a radial  d i s t a n c e  
of  16  RE.  T h i s  is i n t e r p r e t e d  t o  r e p r e s e n t  t r a v e r s a l  
of t h e  magnet ic  n e u t r a l  s h e e t  i n  t h e  ear th ' s  magnet ic  
t a i l  and  is charac te r i s t ic  of o b s e r v a t i o n s  of  t h i s  
phenomenon by IMP-I ( N e s s  (42)) 
Summary of  the  XY h o u r l y  component a v e r a g e d  measurements 
i n  1964 by the  IMP-I sa t e l l i t e  w h i l e  imbedded w i t h i n  
t h e  e a r t h ' s  magnet ic  t a i l .  The lower p o r t i o n  of t h e  
f i g u r e  c o r r e s p o n d s  t o  measurements  per formed w h i l e  t h e  
s a t e l l i t e  w a s  more t h a n  2.5 R .below t h e  e c l i p t i c  p l a n e  
wh i l e  t h e  upper  p o r t i o n  of t h e  f i g u r e  c o r r e s p o n d s  t o  
p o s i t i o n s  of  t h e  s a t e l l i t e  above t h i s .  C l e a r l y  e v i d e n t  
E 
- 39 - 
is t h e  d i s t o r t i o n  of t h e  geomagnetic f i e l d  f o r m i n g  
t h e  e x t e n d e d  geomagnetic t a i l  (Ness (42) ) .  . 
16. Schemat ic  i l l u s t r a t i o n  summarizing t h e  r e s u l t s  of t h e  
IMP-I magne t i c  f i e l d  expe r imen t  p r o j e c t e d  bn t h e  
ec l ip t i c  p l a n e  f rom November 2 7 ,  1963 th rough  May 31, 
1964. The direction of t h e  i n t e r p l a n e t a r y  magnet ic  
f i e l d  is o b s e r v e d  t o  be approx ima te ly  45O t o  t h e  directed 
f l o w  o f  t h e  solar  wind. I n d i c a t e d  are t h e  r e l a t i v e  
p o s i t i o n s  of t h e  sa te l l i t e  d u r i n g  t h e  s i x  month p e r i o d  
d u r i n g  which t h e  measurements were performed ( N e s s  (42) ) .  
17. Comparison of worldwide magnetograms d u r i n g  sudden 
commencement geomagnetic s t o r m  which o c c u r r e d  on May 
10, 1964 a t  0035 UT with m a g n e t i c  f i e l d  measurements 
by IMP-I sa te l l i t e  i n  the ear th ' s  magnet ic  t a i l .  E v i d e n t  
is t h e  s i m u l t a n e o u s  world wide i n c r e a s e  a t  the  o n s e t  
~2 +,he stnrm, correlated p o s i t i v e l y  w i t h  a n  i n c r e a s e  
i n  f i e l d  s t r e n g t h  a t  a d i s t a n c e  ha l fway  t o  t h e  moon. 
The subsequen t  main phase decrease is shown t o  be 
accompanied by  a n  a d d i t i o n a l  i n c r e a s e  i n  t a i l  f i e l d  
magnitude (khaanon and N e s s  (46)). 
18. C o r r e l a t a  of magnet ic  t a i l  measurements d u r i n g  the 
geomagnet ic  storm of A p r i l . 1 ,  1964 w i t h  measurements 
of the t r a p p e d  r a d i a t i o n  boundary  o b t a i n e d  by satel l i te  
1963-38C ( N e s s  a n d  W i l l i a m s ,  (48)) 9 The i n v a r i a n t  
t r a p p i n g  boundary ( h ) is t h e o r e t i c a l l y  p r e d i c t e d  by 
invok ing  a t a i l  f i e l d  model of the  geomagnet ic  f i e l d  
- 40 - 
and is compared d i r e c t l y  wi th  o b s e r v a t i o n s  
A l s o  i n c l u d e d  is t h e  p l a n e t a r y  magnet ic  a c t i v i t y  index  
Kp showing a p o s i t i v e  c o r r e l a t i o n  wi th  t a i l  f i e l d  
magnitude 
(a t o  d ) .  
19. Photograph of comet Whipple-Fedtke-Tevzadze (19431) 
i n d i c a t i n g  s c r e w l i k e  motions i n  t h e  t a i l .  S i m i l a r i t y  
of solar wind i n t e r a c t i o n  w i t h  t h e  geomagnetic f i e l d  and 
w i t h  t h e  cometary coma s u g g e s t  t h a t  t h e  e a r t h  may be 
compared t o  a "magnetic comet" w i t h  t h e  magnet ic  t a i l  
and s h e e t  co r re spond ing  t o  t h e  o b s e r v a b l e  i o n - t a i l  i n  
t h e  comet a n d  t h e  magnetosphere c o r r e s p o n d i n g  to t h e  coma. 
(Photograph by C .  H o f f m e i s t e r ,  Sonneberg) . 
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